The extraction efficiency of major classes of phenolics from lingonberries grown in the central region of Poland was evaluated. The ethanol-water solution (60:40, v/v) resulted in the highest extraction yields; however, the results obtained for ethyl acetate were only slightly lower. Total phenolics estimated by Folin-Ciocalteu assay ranged from 468 to 661 mg of GA/100 g fresh weight (fw), while total flavonoids were in the range of 53.2-67.8 µmol/100 g fw. Both solvents exhibited comparable potential for monomeric anthocyanin extraction (26.1-43.0 mg CGE/100 g of fw). The content of several minerals in these fruits and in soil collected from the same places were compared. The essential metal concentrations in all samples increased in the following order: Cr < Cu < Zn < Fe. The levels of toxic elements (Cd, Pb) were acceptable to human consumption for most tested samples. The ethanol-water extracts exhibited the highest scavenging activity against 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radicals, while the highest reducing capacity evaluated by cupric reducing antioxidant capacity (CUPRAC) was obtained for ethyl acetate extracts.
Introduction
Fresh fruits and derived products provide essential dietary micronutrients and bioactive compounds including vitamins, polyphenols and minerals, with several human health benefits [1] . Vaccinium vitis-idaea, also commonly known as lingonberry, partridgeberry or cowberry, is native to boreal forest throughout the Northern Hemisphere from Eurasia to North America. As a member of the Vaccinium species, it is related to cranberry, bilberry and blueberry. The berries collected from wild plants growing on publicly accessible lands or bought at the local markets, are a popular fruit in northern, central and eastern Europe. They are consumed raw and cooked in the form of lingonberry jam, compote, juice or syrup. The intake of lingonberry has been associated with anti-inflammatory, antioxidant and antimicrobial activities [2] [3] [4] [5] . Lingonberries exhibited the highest antiproliferative properties among the berries [6] . They have exhibited their therapeutic potential in vitro and in vivo, both in rodent and human models [7] .
The wide spectrum of beneficial biological properties of lingoberries is related to their polyphenol constituents, similar to other Vaccinium species [8] . Polyphenolic compounds exhibited high antioxidant activity as they can act as reducing agents, hydrogen donors, singlet oxygen quenchers as well as chelators of metal ions, preventing metal catalyzed formation of free radicals [9, 10] .
Several polyphenolics such as flavonoids, polyphenolic acids, anthocyanins, and procyanidins have been determined in lingonberries [11] [12] [13] [14] [15] [16] . In addition to these nutrients, they also contain organic acids, vitamins (A, B 1 , B 2 , B 3 and C), potassium, calcium, magnesium and phosphorous.
The majority of previous studies regarding lingonberries examined fruits collected in the Nordic countries [4, 6, 12, 14, 15] . Thus, in this study, the extraction of major classes of polyphenolic compounds from lingonberries grown wild in the central region of Poland was evaluated. The limited area was selected in order to have uniform climatic conditions as well as altitude. Antioxidant activities of the extracts from each plant were evaluated for scavenging ability on 1,1-diphenyl-2-pirylhydrazyl (DPPH) radicals and reducing power by cupric reducing antioxidant capacity (CUPRAC) method. Additionally, the level of several minerals (Cd, Cr, Cu, Fe, Mn, Pb and Zn) in these fruits and in soil collected from the same places was compared.
Results and Discussion
The review of literature revealed that pure ethanol or methanol extracted polyphenolic compounds with lower efficiency in comparison to hydroalcoholic solutions [17] [18] [19] . The presence of water is helpful to enhance swelling of plant material, which is favorable to increase the contact surface area between the plant matrix and the solvent, resulting in increase of the extraction yield [18] . Ethyl acetate (EtOAc) has been also successfully applied to extract polyphenolics from berry fruits [17, 20] . Thus, in our study water-ethanol mixture (40:60, v/v) and ethyl acetate were applied.
Total Phenols, Flavonoids and Monomeric Anthocyanins
In order to estimate the main classes of polyphenols present in investigated extracts, three spectrophotometric assays were applied. The content of total phenolics, flavonoids and monomeric anthocyanins in different extracts of lingonberry fruits are given in Table 1 . Generally, the use of ethanol-water mixture resulted in improved extraction of target polyphenols; however, the results obtained for EtOAc were only slightly smaller. Total phenolic content in ethanol-water extracts as estimated by FC assay ranged from 468 to 661 mg GAE/100 g fresh weight (fw). The obtained values for sample A (collected in a forest) and D (purchased from the local marketplace) were statistically similar for all studied extracts (p < 0.05). For samples B and C (also collected in a forest), higher values were obtained. The polyphenol classification proposed by Vasco et al. [21] using low (<100 mg GAE/100 g), medium (100-500 mg GAE/100 g) and high (>500 mg GAE/100 g) denominations, indicates that our lingonberry samples are a good source of these compounds. According to the data from literature for berries, the obtained results for lingonberries are higher than reported for red raspberries (357.8 mg GAE/100 g) and blueberries (305.4 mg GAE/100 g) [22] .
The mean concentration of phenolic compounds in lingonberries grown in the research plot in Oregon (United States) was 566 mg GAE/100 g fw (range 431-660 mg/100 g) [13] . Lower results (in the range of 21.4-24.0 µmole/GAE/100 g fw; it means 36.4-40.8 mg GAE/100 g) for various lingonberry extracts were obtained for fruits harvested from the southern Labrador area in Canada [5] . This discrepancy may be due to the genotype of the plants, as well as geographical location and environmental factors.
Total flavonoids (expressed as catechin equivalent) were in the range of 53.2-67.8 µmole CE/100 g fw for ethanol-water mixture and 40.7-62.9 µmole CE/100 g for ethyl acetate solvent. The flavonoid content of 19.3 ± 0.4 µmole CE/100 g fw in lingonberry fruits collected in Canada was reported [5] , while the value of 130.8 mg CE/100 g of dry weight (dw) (450.6 µmole CE/100 g dw) for these berries common in the Nordic diet extracted with 50% aqueous methanol [14] . As reported in the literature, the main flavonoids in lingonberry extracts are flavan-3-ols such as catechin and epicatechin as well as flavonols, mainly quercetin glycosides [14, 23] . Table 1 summarizes the total monomeric anthocyanin contents using both solvents. Unlike the total phenolic content, ethanol-water mixture as well as EtOAc exhibited comparable potential for anthocyanin extraction (except for sample A). The obtained results for these compounds were statistically similar (p < 0.05) and were in the range of 26.1-43.0 mg CGE/100 g of fresh fruits. The forest samples contained the highest total monomeric anthocyanin contents in comparison to the local marketplace sample. Similar results were obtained for lingonberry fruits collected from a research plot in Oregon [13] and in Canada [5] . Results expressed as mean ± SD (n = 3) per 100 g of fresh weight. Values in each column bearing different superscript letters represent significant differences (p < 0.05). GAE-gallic acid equivalent; CE-catechin equivalent; CGE-cyanidin-3-glucose equivalent.
Metals
The content of trace metals, which are also the important components of lingonberry fruits, was rarely reported [24, 25] . They play an important role in the functioning of the human body as they act as cofactors for various enzymatic systems or possess regulatory activity [26] . Studies for monitoring the concentration of nutrients and potentially toxic elements in food are important to indicate what consumers ingest. Thus, the content of selected metals in lingonberry fruits was determined and the results are shown in Table 2 . Results expressed in mg/kg of fresh weight as mean ± SD (n = 3). Different superscript letters in each column represent significant differences (p < 0.05).
In general, the essential metal concentrations in all samples increased in the following order: Cr < Cu < Zn < Fe. The cooper content was statistically similar in the studied samples (p < 0.05), except the sample D (purchased from the local marketplace), where significantly higher value (1.14 mg/kg) was determined in comparison to other fruits collected in a forest region. That sample contained also the lowest amount of chromium. The concentrations of toxic Cd was very low (0.001-0.009 mg/kg) and below the maximum allowed limits (0.05 mg/kg) specified by the European Food Legislation [27] . The content of toxic lead was in the range of 0.14-0.17 mg/kg, which also does not exceed the maximum safety value of 0.2 mg/kg defined for this element in fruits [28] . However, the highest amount of Pb was determined in the sample A (0.48 mg/kg), which exceeds the allowed limit.
The content of the metals in fruits is often correlated with their soil content [28] . The transfer of metals from soils to roots and then to other parts of plant is influenced by several factors such as soil properties, environmental conditions, type of metal, plant physiology and rhizosphere biochemistry. Table 3 shows the content of metals in the soil samples collected from the same places as lingonberry fruits. The soils revealed the lowest levels in cadmium (0.041-0.073 mg/kg) and the highest levels in iron (1540-4134 mg/kg). However, no significant correlation was found between the metal content of soils and of the fruits grown on them. The results of one-way ANOVA followed by Tukey's test indicated that the contents of Cr, Cu, Fe and Zn was varied significantly (p > 0.05) among all studied samples. The mean transfer factors of studied metals from the soil to fruits, determined as the ratio of their concentration in fruits to that in the soil, was 0.07, 0.03, 0.13, 0.004, 0.04 and 0.44 for Cd, Cr, Cu, Fe, Pb and Zn, respectively. Fe was the least mobile metal, while Zn was the most. The low level of accumulation of iron, chromium and cooper in lingonberry fruits is probably due to their poor mobility inside the plant and accumulation in the underground parts of the plant [29] . Moreover, the high concentration of zinc in the soil is known to have an antagonistic effect on copper uptake. Results expressed in mg/kg of fresh weight as mean ± SD (n = 3). Different superscript letters in each column represent significant differences (p < 0).
The Antioxidant Activity
The antioxidant activities in vitro of lingonberry extracts were determined by the 1,1-diphenyl-2-pirylhydrazyl radicals (DPPH) and cupric reducing antioxidant capacity (CUPRAC) assays. DPPH assay measures the ability of the antioxidants to quench DPPH · radicals mainly by an electron transfer reaction, while CUPRAC method measures the potential of an antioxidant to reduce copper(II)-neocuproine chelate to the blue Cu(I) complex by electron-donating substances under neutral conditions. Figure 1 presents the curves based on DPPH bleaching kinetics profiles of ethanol-water and ethyl acetate extracts prepared from fresh lingonberry fruits. The samples collected at location A were taken as the examples. A fast initial decrease of absorbance of DPPH radical followed by slow subsequent disappearance of this reagent can be observed from presented plots. According to Vilaňo et al. [30] , this fast step essentially refers to the electron-transfer process from a phenol molecule or its phenoxide anion to DPPH free radicals, while the subsequent decay reflects the remaining activity of the oxidation-degradation products.
According to the results presented in Figure 2 , studied lingonberry fruits are good electron donors as their extracts were able to reduce the cupric complex as well as to quench DPPH radicals. The ethanol-water extracts exhibited higher scavenging activity against DPPH radicals, than ethyl acetate extracts. Similar order was obtained for total phenolics (Table 1) . These compounds are responsible for high antioxidant properties of plant extracts. In the CUPRAC method, the highest reducing capacity of examined samples was obtained for ethyl acetate extracts (Figure 2) . Probably, this solvent extracts other less polar compounds, which exhibit reducing properties. Several methods have been applied for evaluation of antioxidant activity in vitro in foodstuff, nutraceuticals and dietary supplements measuring the ability to reduce oxidant species/probes or to scavenge free radicals [31] . However, there is no single, widely-acceptable assay method applicable to a reasonable variety of compounds in different matrices. Very often in order to correlate the results obtained by different methods, a regression model is employed. In some cases, good correlation between the method was reported, despite the difference of assays in the type of radicals used and substrate to be oxidized as well as the basic chemistry in the assays and the biochemistry of the antioxidants. However, in our study very poor correlation between the results obtained by DPPH and CUPRAC assay was obtained (R 2 = 0.592). 
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Fruits of wild growing lingonberries were collected at commercial ripeness from pine forests during September of 2016, in three different locations in the Mazovia region. Coordinates for sample A: 52°41′ N, 21°29′ E; sample B: 52°49′ N, 21°45′ E; sample C: 52°01′ N, 21°06′ E. The limited area, central part of Poland was selected, in order to have uniform climatic conditions. Additionally, the sample D was purchased from the local marketplace. Fruits after homogenization by blender were stored at −20 °C until bioactive substances were analyzed. Several methods have been applied for evaluation of antioxidant activity in vitro in foodstuff, nutraceuticals and dietary supplements measuring the ability to reduce oxidant species/probes or to scavenge free radicals [31] . However, there is no single, widely-acceptable assay method applicable to a reasonable variety of compounds in different matrices. Very often in order to correlate the results obtained by different methods, a regression model is employed. In some cases, good correlation between the method was reported, despite the difference of assays in the type of radicals used and substrate to be oxidized as well as the basic chemistry in the assays and the biochemistry of the antioxidants. However, in our study very poor correlation between the results obtained by DPPH and CUPRAC assay was obtained (R 2 = 0.592). Several methods have been applied for evaluation of antioxidant activity in vitro in foodstuff, nutraceuticals and dietary supplements measuring the ability to reduce oxidant species/probes or to scavenge free radicals [31] . However, there is no single, widely-acceptable assay method applicable to a reasonable variety of compounds in different matrices. Very often in order to correlate the results obtained by different methods, a regression model is employed. In some cases, good correlation between the method was reported, despite the difference of assays in the type of radicals used and substrate to be oxidized as well as the basic chemistry in the assays and the biochemistry of the antioxidants. However, in our study very poor correlation between the results obtained by DPPH and CUPRAC assay was obtained (R 2 = 0.592). 
Materials and Methods
Fruit Samples and Their Extraction
Fruits of wild growing lingonberries were collected at commercial ripeness from pine forests during September of 2016, in three different locations in the Mazovia region. Coordinates for sample A: 52°41′ N, 21°29′ E; sample B: 52°49′ N, 21°45′ E; sample C: 52°01′ N, 21°06′ E. The limited area, central part of Poland was selected, in order to have uniform climatic conditions. Additionally, the sample D was purchased from the local marketplace. Fruits after homogenization by blender were stored at −20 °C until bioactive substances were analyzed. 
Materials and Methods
Fruit Samples and Their Extraction
Fruits of wild growing lingonberries were collected at commercial ripeness from pine forests during The homogenized material (700 mg) was shaken with 25 mL ethanol-water (60:40, v/v) or ethyl acetate for 20 min at room temperature. Then, the extracts were filtered through Whatman no. 1 filter paper. For a given sample, three independent extractions using an appropriate solvent were carried out.
Total Phenolic Content
Total phenolic content of extracts was assessed by using the Folin-Ciocalteu (FC) reagent method [32] . Then, 0.1 mL of extract was mixed with 0.1 mL of FC reagent and 0.9 mL of water. After 5 min, 1 mL of 7% (w/v) Na 2 CO 3 and 0.4 mL of water were added. The extracts were mixed and allowed to stand for 30 min before measuring. The absorbance was measured after 30 min at 765 nm using the Lambada Bio 20spectrophotometer (PerkinElmer, Waltham, MA, USA). A mixture of water and reagents was used as a blank. Total phenolic content was expressed as gallic acid equivalents (GAE) in mg/100 g of fresh fruits.
Total Flavonoids
Total flavonoids content was determined using a spectrophotometric method based on formation of flavonoids complex with Al 3+ ions [33] . First, 1 mL of a sample was mixed with 0.3 mL of NaNO 2 (5%, w/v) and 0.5 mL of AlCl 3 (2%, w/v). A sample was mixed and six minutes later was neutralized with 0.5 mL of 1 mol/L NaOH solution. The mixture was left for 10 min at room temperature and then absorbance was measured at 510 nm. The results were expressed as catechin equivalent (CE) in µmol per 100 g of fruit.
Total Monomeric Anthocyanins
The total monomeric anthocyanin content was determined using pH-differential method [34] . Absorbance was measured at 520 nm and at 700 nm in buffers at pH 1.0 and 4.5, respectively, using the equation:
The results were expressed as mg of cyanidin-3-glucoside equivalent (CGE) per 100 g of fresh sample.
Determination of Metals
The samples were digested using the mixture of concentrated HNO 3 and HClO 4 acids (4:1 v/v). First, 0.5 g of fruit sample was placed into 100 mL flask and 10 mL of acid mixture was added into it. This mixture was heated for 30 min at 50 • C on the hot plate. Then, temperature was slowly raised to 160-170 • C and digestion was performed at the beginning for 120 min and finally at 200 • C for 60 min. The digested sample solution was allowed to cool down and transferred into 50 mL volumetric flask diluted by distilled water. The digestion of a reagent blank was performed in parallel.
The content of minerals was determined by inductively coupled plasma atomic emission spectrometry (ICP OES, model iCAP 6000, Thermo Scientific, Waltham, MA, USA) using the following wavelengths (nm): Cd (214.4), Cr (267.7), Cu (224.7), Fe (259.9), Mn (260.5), Pb (220.3) and Zn (206.2) The operating parameters set on the spectrometer were as recommended by manufacturer. The results were expressed in mg/kg of sample fresh weight.
To verify the applicability of the proposed method, standard reference materials Mixed Polish Herbs INCT-MPH-2 and Trace Metals-Silt Clay-1 CRM 045 were utilized. The digestion of the first material was performed with the same decomposition procedure applied for lingonberry samples, where for the digestion of the second material, EPA METHOD 3050B was applied. The obtained results were compared with those provided by manufacturers and are shown in Table 4 . 
Antioxidant Activity
The DPPH assay was applied to estimate the radical-scavenging ability of the fruit extracts [35] . First, 0.1 mL of a given extract was mixed with 2.4 mL of DPPH solution (9 × 10 −5 mol/L) in methanol. The change of absorbance at 518 nm was recorded after 30 min. The DPPH scavenging percentage was calculated according to expression (A 0 − A s )/A 0 × 100, where A 0 is the initial absorbance of DPPH methanolic solution and A s is the absorbance of the test sample.
The cupric ion reducing antioxidant capacity of all extracts was determined according to the method of Apak et al. [36] . The mixture was incubated in a water bath at the temperature of 50 • C for 20 min. The absorbance against the reagent blank was measured after 30 min at 450 nm. The calibration curve was made with trolox and the antioxidant activity was expressed as mM of trolox per gram of fresh fruits.
Statistical Analysis
To verify the statistical significance, mean ± SD of three independent measurements was calculated. Differences between groups were tested by two-way ANOVA followed by Turkey's test. The differences at p < 0.05 were considered significant.
Conclusions
Lingonberry fruits grown in central Poland are a rich source of dietary polyphenols with strong antioxidant activities. In the current study, ethanol-water (60:40, v/v) and ethyl acetate solutions provided the highest recovery of different classes of these compounds such as phenolics, flavonoids and anthocyanins. Additionally, the results obtained for trace toxic elements (Cd and Pb) in analyzed fruits were acceptable to human consumption for the most of the tested samples. Lingonberry fruits should be promoted as a dietary source of essential nutrients and health-beneficial compounds and may be among the most important sources of new functional foods in the future.
